ABSTRACT Finite control set-model predictive control (FCS-MPC) has been used in power converters due to its advantages, such as fast dynamics, multi-objective control, and easy implement. However, due to variable switching frequency, the harmonics of inverter output current spread in a wide range of frequency. Furthermore, a large amount of computation is required for the implementation of the traditional FCS-MPC method. Here, an improved FCS-MPC algorithm with fast computation and fixed switching frequency is proposed in this paper for two-level three-phase inverters. First, according to the principle of deadbeat control, the inverter voltage vector reference can be constructed. Then, the operation durations and sequences of different voltage vectors are determined according to the location of the inverter voltage vector reference and the cost functions of different voltage vectors. In this algorithm, the operation durations of different voltage vectors are arranged inversely proportional to their cost functions. Compared with the conventional fixed switching frequency FCS-MPC control, the number of sectors involved in the FCS-MPC calculation can be reduced from 6 to 1, which greatly improves the computation efficiency. Moreover, the delay due to digital implementation is effectively compensated in the proposed algorithm. Finally, experimental tests are carried out to verify the advantages of the proposed method in terms of both steady-state and dynamic performance.
Due to the increasing awareness for environmental problems, renewable energy sources such as photovoltaic, wind and biomass power generation have been widely used nowadays. As the interface between renewable energy sources and loads or power grids, inverters act as the core of the renewable energy generation system and they directly affect the performance of the whole distributed generation systems [1] [2] [3] [4] [5] [6] .
According to the circuit structure, inverters can be usually divided into voltage-source inverters and current-source inverters. Two-level voltage-source inverters are widely used in renewable energy generation systems due to its simple control. Many control strategies have been proposed in order to improve the performance of the two-level voltage-source inverters. Among these control strategies, voltage oriented control (VOC) and direct power control (DPC) are two widely used control schemes. For the VOC scheme, good steadystate and dynamic performance can be obtained. However, the tune of the proportional integral (PI) parameters is a tedious process [7] , [8] . Furthermore, the control implementation is complicated. For DPC control, it can directly set the voltage vectors according to the power errors between the power references and the actual power [9] , [10] . The dynamic performance can be improved. However, the inverter output current harmonics are large. Thus, high sampling frequency is essential in order to reduce the current harmonics and achieve good steady-state performance. Furthermore, due to variable switching frequency, harmonics of inverter output current spread in a wide range of frequency, which makes the filter design difficult.
In order to address above mentioned issues, model predictive control (MPC) was proposed, which shows lots of advantages such as simple control and multi-objective control. Considering the specific applications, the MPC algorithm has been further developed, such as continuous model-predictive control and finite control set-model predictive control (FCS-MPC). The FCS-MPC is widely used and the basic principle is to construct a multi-objective optimization cost function in order to judge the inverter's states and determine the appropriate switching combinations [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Specifically, the switching states that can result in the minimum cost function will be chosen and applied in the next switching cycle. The FCS-MPC algorithm shows advantages of easy implementing and the online optimization because the optimal switching states can be directly determined according to the minimal cost function [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Thus, the FCS-MPC algorithm has been widely used in many applications, such as three-phase grid-connected inverters, motor drives, multilevel converters and matrix converters especially with the quick developing of high performance digital signal processor (DSP) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, the output ripple by using the FCS-MPC is large since only one voltage vector is used per every control period. Furthermore, the output voltage and current harmonics spread in a wide range of frequency due to the variable switching frequency of the FCS-MPC, thus, the filter design becomes difficult [22] [23] [24] [25] [26] .
Many strategies have been proposed to improve the performance of the FCS-MPC strategy. For instance, an online optimizing duty cycle control was proposed for three-phase active-front-end rectifiers [22] , where a constant switching frequency was achieved in the FCS-MPC and the harmonic spectrum of the inverter output currents concentrated on multiple switching frequencies. However, this method is complex since instantaneous current variations need to calculate in the determination of different voltage vectors. To address variable switching frequency of the FCS-MPC, an optimal switching sequences direct power control was proposed in [23] , which accomplishes a constant switching frequency FCS-MPC control for two-level grid-connected converters. In [24] , a multiple-vector direct model predictive power control was proposed for the grid-side back-toback converter control. However, both methods discussed in [23] and [24] actually show heavy computational burden and occupy large computing resources. Similar researches can be found in [25] and [26] , where FCS-MPC algorithms with fixed switching frequency have been used in H-bridge back-back converters and matrix converters respectively. However, both shows heavy computation burden considering the practical implementation.
Considering the renewable energy applications, the computation burden of FCS-MPC method needs to relieve in order to meet the inverter design requirements such as fast response and good steady-state performance. For instance, the code implementation duration of FCS-MPC algorithm should not occupy large percentage of switching period in order to accommodate other functions such as phase-locked loop, islanding detection protection, or maximum power point tracking algorithm, which are commonly required for grid-connected distributed generators. Usually the implementation duration is expected to limit within 100 µs for the IGBT-based inverters. However, when FCS-MPC algorithms are practically implemented in DSP, the online calculation of the predictive model and the cost function evaluation are necessary in order to online search the optimal voltage vectors, which will be time-consuming. For example, at least 52 µs is estimated to implement the FCS-MPC algorithm for the three-level three-phase inverters [27] . Therefore, in order to achieve a satisfied inverter response speed and output current waveform, it is essential to effectively relieve the computational burden of the algorithm especially the burden for predictive model and online optimization [28] . To address this, many algorithms have been proposed [29] [30] [31] . For instance, a low-complexity FSC-MPC with quick voltage selection and fast duty cycle calculation was proposed in [29] for three-phase two-level converter. It requires only one-step prediction to directly allocate the best voltage vector. Another fast FCS-MPC algorithm for multilevel cascaded H-bridge converter was presented, which can effectively reduce computation burden [30] . In [31] , a FCS-MPC-based deadbeat solution for three-phase two-level inverter was presented, which may relieve the calculation burden compared with the traditional FCS-MPC. However, all these algorithms adopt a variable switching frequency, which will result in the spread of the converter output voltages or currents harmonics in a wide range of frequency.
In order to reduce the output harmonics, fixed switching frequency seems necessary. This paper presents an improved FCS-MPC with fast computation and fixed switching frequency, which shows advantages in the two-level voltagesource three-phase inverters. Firstly, the voltage vector reference can be constructed with a deadbeat control. Then, different voltage vectors are determined and effectively VOLUME 5, 2017 applied in the predictive model and cost function optimization. With the proposed algorithm, the number of sectors involving in calculation of FCS-MPC is reduced from 6 to 1, which greatly improves the calculation efficiency. Furthermore, in order to reduce the influence of the digital control delay, the delay compensation is adopted in the proposed FCS-MPC with two step prediction. Finally, an experimental platform of a two-level voltage-source three-phase inverter was constructed. Both steady-state and dynamic experimental results are provided to verify the effectiveness of the proposed method. 
II. PRINCIPLE OF THE PROPOSED FCS-MPC A. MATHEMATICAL MODEL OF TWO-LEVEL THREE-PHASE INVERTERS
The two-level three-phase inverter topology for renewable energy power generation application is shown in Fig.1 . This system contains renewable energy sources (such as photovoltaic, wind power), a two-level three-phase inverter, filter inductances and loads. In this system, the renewable energy source can be represented by the dc power supply E dc containing the dc input equivalent resistor R dc . The two-level threephase inverter will transform the output dc power produced by E dc to the load. As shown in Fig.1 , u aN , u bN and u cN represent the inverter output voltages, i a , i b and i c represent the inverter output currents, L is filter inductance, V dc is the dc-link bus voltage and R is the load.
According to different switching combinations, each phase of two-level three-phase inverters shown in Fig.1 has two operation statuses, which can be represented by ''P'' and ''N''. Take phase A as an example, switching state ''P'' means that the switch S a1 is on and the switch S a2 is off, thus the output voltage of phase A with respect to the point N is V dc . Switching state ''N'' indicates that the switch S a1 is off and the switch S a2 is on, thus, the output voltage of phase A with respect to the point N is zero. The output phase voltages u aN , u bN and u cN with respect to the point N can be expressed as:
For three-phase balanced systems, the voltage u Nn between the dc-link negative point N and the load neutral point n can be derived as:
Thus, the inverter output voltage u an , u bn and u cn with respect to the point n can be derived as:
According to current reference direction in Fig.1 , the inverter output currents of the two-level three-phase inverter can be expressed as:
By combining (1), (2), (3) and (4), the output currents of the inverter can be calculated as:
From the equation (5), it can be found that the inverter output currents can be obtained by different inverter switching states and the dc-link voltage.
The mathematic model of the three-phase inverter in threephase static abc reference frame needs to be transformed into the static aβ reference frame and the corresponding transformation matrix C 3/2 (invariant amplitude transformation) can be written by
Combination (4), (5) and (6), it can be derived as:
where i a and i β represent the a component of the output current and the β component of the output current in the aβ reference frame, respectively. u a and u β are the a component of the output voltage and the β component of the output voltage in the aβ reference frame, respectively. Assuming the sampling time is relatively small, the discretization of (7) by using forward Euler approximation can be derived as:
where T s is the sampling time.
The future load currents at the (k+1)th instant can be predicted by using (8) as:
According to the deadbeat control, the inverter output currents will reach their references in one sampling period and can be expressed as:
In order to achieve the inverter currents tracking with respect to the reference in the next sampling time, the inverter desired output voltages in the aβ coordinate reference can be obtained by using (9) and (10) as:
where u * an (k) and u * βn (k) are the a component and β component of the desired output voltages at the (k)th instant.
B. DELAY TIME COMPENSATION
With the model predictive control, the time sequence can be illustrated in Fig.3 . At the (k)th sampling time, the inverter currents are sampled with analog to digital converter (ADC), and at t 1 , the ADC process is completed. At t 2 , main algorithms will be implemented, thus, the operation times and sequences of different voltage vectors can be determined. Then, the switching signals for power electronic devices of the inverter are generated at the (k + 1)th instant. Therefore, voltage vectors adopted at the (k)th instant will be updated and applied for the (k + 1)th instant.
In order to eliminate the control delay due to the digital implementation, the voltage vectors need to be determined at the (k + 1)th instant [16] , [32] , [33] . By time shifting (11) one step forward, the predictive voltage model can be obtained as:
Combining (9) and (12), it can be derived as:
where u an (k) and u βn (k) are the a component and β component of selected voltage vectors at the previous instant.
The a component of the current reference i * a (k + 1) and the β component of the current reference i * β (k + 1) at the (k + 1)th instant can be constructed by the values at the present, one past and two past current references according to linear interpolation theorem. Thus,
Similarly, the a component current reference i * a (k + 2) and the β component current reference i * β (k + 2) at the (k + 2)th instant can be obtained as:
C. ALGORITHM PRINCIPLE
In order to achieve fast and accurate tracking of given currents, the current tracking cost function of the conventional FCS-MPC based on voltage model can be expressed as [31] :
where u an (k +1) and u βn (k +1) represent the inverter voltage vectors to be applied. According to (3), (6) and the inverter switching states, the inverter voltage vectors u an (k + 1) and u βn (k + 1) can be derived as:
where S a (k +1), S b (k +1) and S c (k +1) represent the inverter switching states at the (k + 1)th instant, respectively. According to (13) , (16) and (17), it can be found that the predictive model and the cost function adopted by the traditional FCS-MPC require on-line calculation and evaluation for all these eight voltage vectors. With the rule to achieve the minimum cost function, the voltage vector for the next control cycle is chosen. With the conventional FCS-MPC, the output current ripple of the inverter is large and harmonics spread in a wide range of frequency. In order to set the harmonic spectrum of the inverter currents fixed at multiple switching frequencies, the proposed FCS-MPC with fixed switching frequency is used. Taking the first sector as example, as illustrated in Fig.2 
T s = t 1a + t 1b + t 1c (18) Note that each operation time lies within the range [0, T s ]. By using the FCS-MPC with the fixed switching frequency, the sector cost function in the first sector can be expressed by
Similarly, the operation time of different voltage vectors can be derived. For example, define the current tracking cost functions for the active voltage vectors u 2 , u 3 and the zero voltage vectors u 0 or (u 7 ) are g 2a , g 2b and g 2c , respectively. Also, the operation times for u 2 , u 3 and u 0 or (u 7 ) in each control cycle are t 2a , t 2b and t 2c , respectively. The operation time for different voltage vectors in the sector 2 can be expressed by
The sector cost function for the sector 2 can be expressed as:
Similarly, the sector cost functions for the sector 3, 4, 5, and 6 can be obtained and denoted as G 3 , G 4 , G 5 and G 6 , respectively. The sector which shows minimum sector cost function is selected and its voltage vectors will be used in the next control cycle [25] , [26] .
In order to reduce harmonics of the inverter output voltage and current, the operation time of different voltage vectors is symmetrically distributed. Zero voltage vectors u 0 and u 7 are utilized with the same operation time. In addition, in order to minimize the switching loss, only one-phase devices are switched at every switching period. Assume that the reference voltage vector is located in the sector 1, as illustrated in Fig.1 , the sequence of operation voltage vectors is arranged as: NNN-PNN-PPN-PPP-PPN-PNN-NNN. Thus, the operation time and sequences of different voltage vectors are illustrated in Fig.4 .
With the conventional fixed switching frequency FCS-MPC, for each of six sectors, the predictive model, the current tracking cost function, operation time and the sector cost function need to be calculated. Specifically, for each sector, two active voltage vectors and one zero voltage vector are required. Thus, the computational burden is high. In order to reduce computational load, a fast and fixed switching frequency FCS-MPC has been adopted. The candidate voltage vectors are determined according to the location of the reference voltage vector u * ref (k +1) = u * an (k +1)+ju * βn (k +1) derived from the equation (13) . For instance, if the reference voltage vector u * ref (k + 1) is located in sector 1, as illustrated in Fig.2 , the operation time of candidate voltage vectors can be determined by (18) . Furthermore, the operation sequences of different voltage vectors are arranged as Fig.4 . Thus, the number of sectors involving FCS-MPC is reduced from 6 to 1, which greatly improves the computation efficiency.
In order to facilitate the control implementation, the inverter current references in static aβ coordinate reference are transformed into dq rotating coordinate reference and expressed as:
where i * a and i * β represent the a and β component current references of the inverter, i * d and i * q represent the inverter d-axis and q-axis current reference, θ * represents the given value of phase angle and can be expressed as θ * = ω * t, ω * is the given current angular frequency. Fig.5 illustrates the control strategy of the proposed FCS-MPC for two-level three-phase inverters.
III. EXPERIMENTAL RESULTS
In order to verify the effectiveness of the fast and fixed switching frequency FCS-MPC, experimental tests were carried out for both steady-state and transient conditions, and compared with the traditional FCS-MPC strategies. All strategies are implemented on a 32 bit DSP (TMS320F2808) from Texas Instruments. In the test, a programmable dc power supply is used to emulate renewable energy sources. Main experimental parameters are shown in Table 1 .
A. COMPARISON OF EXECUTION TIME
In order to verify the effectiveness of the proposed FCS-MPC, execution time for three FCS-MPC strategies are compared. These FCS-MPC strategies are: the traditional FCS-MPC method with only one voltage vector for each control cycle based on the cost function (16), fixed switching frequency FCS-MPC method discussed in [26] , and the proposed FCS-MPC in this paper. In the test, an input/output (I/O) port of DSP is used to capture the duration of high level as the execution time of different FCS-MPC. The crystal frequency of a 32 bit DSP (TMS320F2808) is 100 M and the time interval is 62.25 µs. Fig.6 (a) shows the measured execution time for ADC process and other auxiliary tasks. Fig.6 (b) represents the measured execution time when executing with the traditional FCS-MPC. Fig.6 (c) shows the measured execution time with the fixed switching frequency FCS-MPC method discussed in [26] . Fig.6 (d) shows the measured execution time with the proposed FCS-MPC in this paper.
As shown in Fig.6 , it takes about 9.2 µs to implement ADC process and other auxiliary tasks. The execution time for the classical FCS-MPC algorithm is about 17.8 µs (27 µs −9.2 µs). For the conventional fixed switching VOLUME 5, 2017 frequency FCS-MPC method, it needs about 34 µs (43.2 µs −9.2 µs), and it is only requiring about 24.2 µs (33.4 µs −9.2 µs) to execute the proposed fixed switching frequency FCS-MPC algorithm. From the above analysis, it can be concluded that the execution time of the classical FCS-MPC algorithm is shortest, and the execution time is about half of the execution time using the conventional fixed switching frequency FCS-MPC method. Compared with the two fixed switching frequency, the execution time of proposed method is about 71.2% of the execution time using the classical fixed switching frequency FCS-MPC method, which greatly improves the computation efficiency.
B. STEADY-STATE RESULTS
For the steady-state performance evaluation, the experimental condition considered to evaluation three FCS-MPC algorithms is set as followings:
Case 1: The reference current for d-axis current and the q-axis current are set as i * d = 4 A and i * q = 0 A, respectively. And the inverter output current frequency is 50 Hz. Fig.7 (a) shows the experimental waveforms of output line voltage u ab , u bc , phase currents i a and i b under case 1 when using the traditional FCS-MPC without delay compensation, and Fig.7 (c) shows the corresponding results with delay compensation. Fig.7 (b) and Fig.7 (d) show the harmonic spectrum of phase A current without delay compensation and with delay compensation, respectively. With the fixed switching frequency FCS-MPC [26] , the corresponding results are illustrated in Fig.8 . With the proposed FCS-MPC, the corresponding results are illustrated in Fig.9 . The steady-state experimental results show that three different FCS-MPC algorithms with delay compensation improve the steady-state performance. Specifically, with the traditional FCS-MPC method, the total harmonic distortion (THD) of inverter phase A current is reduced from 8.85% to 7.67%. The corresponding THD of phase A current with the fixed switching frequency FCS-MPC algorithm [26] is reduced from 5.78% to 4.11%, and the corresponding THD of phase A current is decreased from 5.92% to 4.13% by using the proposed FCS-MPC algorithm. These results show that all three methods can track the current references successfully with sinusoidal output currents. As shown in Fig.7 , phase A current harmonic spectrum is scattered over different frequencies, which makes the filter design difficult. However, as illustrated in Fig.8 and Fig.9 , with the fixed switching frequency FCS-MPC, the phase A current harmonic spectrum is mainly concentrated around the switching frequency and its multiple switching frequencies such as 16 kHz, 32 kHz and 48 kHz, which is very similar to using traditional space vector pulse width modulation (SVPWM) method and beneficial to the filter design. As displayed in Fig.8 and Fig.9 , the two fixed switching frequency FCS-MPC methods show almost similar steady-state performance.
C. DYNAMIC RESULTS
In the dynamic performance evaluation, two test conditions are considered to evaluate the performance of the fixed switching frequency FCS-MPC algorithm [26] and the proposed FCS-MPC. Fig.10 (a) and Fig.10 (b) show that it takes about 4 ms to reach the given currents by using both fixed switching frequency FCS-MPC methods. As shown in Fig.10 (c) and Fig.10 (d) , the d-axis and the q-axis current of the inverter achieve the current references within about 2 ms for a step change of current magnitude from 4 A to 2.4 A. As shown in Fig.10 , both fixed switching frequency FCS-MPC methods show very good and almost similar dynamic performance.
IV. CONCLUSION
The paper presents a fast and fixed switching frequency FCS-MPC algorithm with delay compensation, which is applied in two-level three-phase inverters. Steady-state and dynamic experiments for three different FCS-MPC controls have been carried out, and the following conclusions are drawn:
(1)The proposed FCS-MPC control with delay compensation greatly improves steady-state performance.
(2)The proposed FCS-MPC control makes harmonic spectrum of output current of the inverter mainly concentrate around the switching frequency and its multiple switching frequencies.
(3) Compared with the traditional fixed switching FCS-MPC, the number of sectors involving in FCS-MPC is reduced from 6 to 1, which greatly improves the computation efficiency.
(4) The inverter with the proposed FCS-MPC control has good steady-state and dynamic performance, and has almost similar performance compared with the classical fixed switching frequency FCS-MPC method.
In a word, the fast and fixed switching frequency FCS-MPC combines the advantages of the FCS-MPC and the SVPWM method. The proposed algorithm eases real-time implementation on industrial real-time platform due to greatly reduced computation time compared with the classical fixed switching frequency FCS-MPC. Therefore, the presented method has a good application prospect in distributed generation systems.
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